The implications of engineered nanomaterials (ENMs) in the environment are often investigated using pristine particles. However, there are several biogenic and geogenic materials in natural waters that interact with and modify the surface of ENMs, thereby influencing their fate and effects. Here we studied the influence of soluble extracellular polymeric substances (sEPS) produced by freshwater and marine algae on the surface properties and fate of three commercial TiO 2 nanoparticles (nTiO 2 ) with different coatings. Adsorption of sEPS by the various nTiO 2 is dependent on particle surface area, intrinsic nTiO 2 surface charge, and hydrophobicity. Interactions between sEPS and nTiO 2 were driven by electrostatic interactions and chemical bonding (bridge-coordination) between the COO − group of sEPS and nTiO 2 . Charge reversal of positively charged nTiO 2 was observed at pH 7 in the presence of 0.5 mg-C/L sEPS. In addition, the critical coagulation concentration (CCC) of nTiO 2 increased in the presence of sEPSfrom both freshwater and marine sources. CCC of all nTiO2 increased as sEPS concentrations increased. This study shows that naturally occurring sEPS can modify the surface properties and fate of nTiO 2 in natural waters, and should be accounted for when predicting the fate and effects of engineered nanomaterials in the environment.
INTRODUCTION
Nanosized titanium dioxide (nTiO 2 ) is one of the mostmanufactured and used engineered nanomaterials (ENMs). 1 Common uses of nTiO 2 such as in personal care products, paints and coatings, and cleaning products, etc.will likely lead to direct release of the ENMs into the environment. 2 A thorough understanding of the fate of nTiO 2 in aquatic systems is necessary for a reliable environmental risk assessment of these particles in natural waters. Most previous studies have considered pristine, uncoated nTiO 2 , 3−5 while in fact almost all commercially available nTiO 2 is coated for different applications.
The fate and effect of ENMs in natural waters depend on the physicochemical properties of particles as well as their interactions with other factors present in media. 6, 7 Homoaggregation, and more importantly, heteroaggregation between ENMs and other naturally occurring colloids determine ENM fate in aquatic systems. 6−8 Natural organic matter (NOM) also affects the stability of ENMs via direct interactions as well as influencing heteroaggregation of nTiO 2 with natural colloids. 6 The effect of commonly used proxies of NOM such as humic acid, fulvic acid, alginate, etc. on the stability of nTiO 2 is well understood. 3, 4, 9 The influence of a different type of NOM solely produced by microorganisms, known as extracellular polymeric substances (EPS), on the stability of nTiO 2 in aquatic systems is however largely uninvestigated.
About 50% of phytoplankton photosynthetic products are released as soluble EPS (sEPS), 10 which are mainly composed of polysaccharides, proteins, lipids, nucleic acids, and other polymeric substances excreted by microorganisms. 11−13 EPS can interact with other charged particles via the functional groups in their macromolecules. 10,14−16 More so, the hydrophobic fractions of EPS polysaccharides can interact with other hydrophobic surfaces. 12 EPS derived from marine organisms were shown to affect the fate of carbon nanotubes, 14 copper nanoparticles, 15 modified nanoiron, 17 and ferrihydrite. 10 Similarly, studies have shown EPS can play a significant role in the toxicity of ENMs to both freshwater and marine organisms. 17−20 However, while EPS destabilized quantumdots, 21 EPS improved the stability of carbon nanotubes. 14 Thus , the effect of sEPS on ENMs may be nanomaterial-chemical composition and coating specific, and needs further study.
The potential for sEPS to interact with coated nTiO 2 , one of the most applied engineered nanomaterials, has not been investigated. Such interactions can lead to modification of ENM surface properties, which need to be accounted for when predicting the environmental implications of ENMs. The main objectives of this study were to (1) investigate the potential for interactions between three types of coated or uncoated commercial nTiO 2 and sEPS extracted from both freshwater and marine phytoplankton; (2) probe the effect of such interactions on the physicochemical properties and stability of the nanomaterials; and (3) conduct preliminary investigations on the mechanisms behind interactions between sEPS and coated nTiO 2 .
2.0. MATERIALS AND METHODS 2.1. Engineered TiO 2 Nanoparticles. Hombikat UV 100 (denoted UV100), UV-Titan M212 (denoted M212), and UV Titan M262 (denoted M262) were obtained as dry ENM powders from Sachtleben, Germany, and used as received. According to the manufacturer, UV100 is uncoated, M212 has a hydrophilic alumina and glycerol coating, and M262 has a hydrophobic alumina and dimethicone polymer coating. The particle were thoroughly characterized and detailed information is given in Supporting Information (SI) section S1.0.
2.2. Extracellular Polymeric Substances (EPS). Soluble extracellular polymeric substances (sEPS) were extracted from axenic cultures of two algal speciesChlamydomonas reinhardtii (a freshwater phytoplankton) and Dunaliella tertiolecta (a seawater phytoplankton). C. reinhardtii was cultured in COMBO media while D. tertiolecta was cultured in f/2 media made with natural seawater collected from the Pacific Ocean (Santa Barbara, CA). 19, 22 sEPS were extracted via centrifugation (2500g, 15 min, and 4°C using a Sorvall RC 5B Plus centrifuge) when the cells reached stationary growth phase. 14 The supernatants, which contained sEPS, were aseptically filtered with 0.2 μm PES membrane filters (Thermo Fisher Scientific). To remove residual salts from the growth media and low molecular-weight metabolites, sEPS were dialyzed against DI water (renewed twice daily) for 5 d at 4°C using a 3.5 kDa cutoff regenerated cellulose tubular membrane (Fisher Scientific). Completion of dialysis was confirmed by noting that the conductivity of dialysis media (DI water) remained stable after 2 d (freshwater) or 3 d (seawater) after media renewal. The dialysis membranes were treated with NaHCO 3 and Na 2 EDTA to remove residues before use.
Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) of sEPS were measured using a Shimadzu TOC-V with a TNM1 unit. In addition, carbohydrate and protein concentrations were determined using the anthrone method 23 (with glucose as standard), and modified Lowry Protein Assay 24 (with bovine serum albumin as standard), respectively. ζ potential of sEPS (2 mg-C/L) at pH from 4 to 11 (adjusted with 0.5 mM buffers) was determined using the Zetasizer. Each zeta potential value was an average of three replicate measurements and each measurement consisted of 10−14 runs. Infrared spectroscopy of lyophilized sEPS was studied using a Nicolet iS10 spectrometer with a diamond ATR crystal. Interferograms were collected by taking 256 scans in the range 4000−400 cm −1 at 2 cm −1 .
2.3. GC-TOF-MS Analysis of EPS. The lyophilized sEPS were further characterized via gas chromatography time-offlight mass spectrometry (GC-TOF-MS) at the West Coast Metabolomics Center (University of California Davis), to identify their constituent compounds. Details of extraction, instrumentation, and analytical methods were previously reported by Fiehn et al. 25 GC-TOF-MS analysis was also done on Suwannee River natural organic matter (SRNOM, obtained from International Humic Substances Society), a commonly used stabilizer in ENMs studies, for comparison.
2.4. Effect of sEPS on Surface Charge of nTiO 2 . The effect of sEPS on the surface charge of nTiO 2 was determined by measuring the ζ potential of the particles (50 mg/L) in DI water with or without 0.5 mM carbonate buffer (pH 7) in the presence of sEPS (0−0.5 mg-C/L). The influence of carbonate buffer on ζ potential of the particles was also determined in order to clearly assess the contribution of sEPS to changes in the physicochemical properties of the nanoparticles. The effect of sEPS on the ζ potential of particles was compared to that of SRNOM (0.25 mg-C/L), which is a commonly used proxy for NOM. SRNOM was studied to determine how the influence of SRNOM on nTiO 2 surface charge and stability may be different from that of sEPS.
2.5. Effect of sEPS on Aggregation of nTiO 2 . The effects of sEPS (0−0.5 mg-C/L) on the aggregation kinetics of UV100, M212, and M262 were studied via dynamic light scattering (DLS) as described previously 14, 26 and explained in the SI section S2.0. Additional aggregation kinetics studies were conducted in the presence of 0.25 mg-C/L SRNOM for comparison.
2.5.1. Role of sEPS Type and Concentration. The composition of EPS varies widely with cell type, cell growth stage, nature of habitat, etc. 11−13 To investigate if the source of sEPS influenced its effect on nTiO 2 aggregation dynamics, we compared the effects of sEPS isolated from C. reinhardtii and D. tertiolecta. Separate nTiO 2 suspensions were made with 0.5−2 mg-C/L of sEPS from each organism. Similarly, the concentrations of EPS in natural waters is expected to vary temporally and spatially based on water productivity and nutrient availability, among other factors. To study the role of sEPS concentration, we prepared nTiO 2 stocks as described earlier with 0.5 to 2 mg-C/L of C. reinhardtii sEPS. All the analyses were done at pH 7 and final concentration of sEPS in the samples measured was 0, 0.125, 0.25, and 0.5 mg-C/L, respectively.
2.5.2. Role of Algal Media Nutrient Level. To see how variation in algal nutrient level may affect sEPS composition and its influence on nTiO 2 aggregation, we cultured D. tertiolecta in f/2 media with (1) normal nutrient levels and (2) with spiked nitrogen (twice the normal level or 17.64 × 10 −4 M NaNO 3 ). Aggregation kinetics were compared using nTiO 2 stocks made with 1 mg-C/L of sEPS isolated from both sets of organisms. sEPS isolated from C. reinhardtii is hereafter referred to as sEPS-Chl. sEPS isolated from D. tertiolecta grown in normal f/2 media and f/2 media with spiked N are hereafter denoted as sEPS-Dun1 and sEPS-Dun2, respectively.
2.6. Interaction of sEPS with nTiO 2 . UV100 was selected as a representative for the nTiO 2 and was used for further analysis investigating sEPS interactions with nTiO 2 : To confirm the adsorption of sEPS unto nTiO 2 , and to investigate the sEPS groups that are responsible for interactions with nTiO 2 , we added 5 mg of UV100 to DI or sEPS stock solutions. The suspensions were sonicated for 1 h (Branson 2510) to allow for interactions after which they were centrifuged (12,000 g, 30 min). The aqueous phase (containing sEPS that were not adsorbed to nTiO 2 ) was decanted. The solid fractions obtained were lyophilized and then analyzed using the Nicolet FTIR spectrometer in absorbance mode (256 scans in the range 4000−400 cm −1 at a resolution of 2 cm −1 ). Spectra from DIsuspended solids were subtracted from spectra from samples suspended in sEPS in order to remove signals due to nTiO 2 . The spectra obtained after the subtraction were then compared with spectra from lyophilized pristine sEPS stocks.
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RESULTS AND DISCUSSION
3.1. nTiO 2 and sEPS Characterizations. TEM analyses showed that the primary particles of UV100 are about an order of magnitude smaller than those of M212 and M262 (Figure 1 and SI Figure S1 , Table 1 ). This is in agreement with BET data (Table 1) . Sizes were determined from the average of 30−60 particles; particle size distributions are presented in SI Figure  S2 . EDS analyses (SI Figure S3 ) showed that UV100 was only composed of titanium (Ti) and oxygen (O). EDS revealed the presence of aluminum (Al, < 4% wt.) in M212 and M262, whereas M262 also contained silicon (Si, ∼ 1% wt.). Al 2p and Al 2s peaks were also observed in the XPS surveys of M212 and M262 at binding energy (BE) ≈ 74 and 118.5 eV, respectively (SI Figure S4 ). The presence of Si (siloxane bonds) on the surface of M262 was also confirmed via XPS as shown by the Si 2p 3/2 peak at BE ≈ 102.5 eV. These findings agree with the manufacturer's information regarding the coatings on M212 and M262, and further results of X-ray analyses were provided in SI section 3.0, and SI Figures S5−S6. Despite its small primary particle size, UV100 formed the largest aggregates in water, with HDD more than twice that of M212 and M262 ( Table 1 ). The instability of UV100 is probably due to its low surface charge in suspension as indicated by a ζ potential of 3.3 mV in DI. The ζ potential of M212 and M262 exceeded 30 mV, above the typical colloidal stability threshold. 27 The suspensions of the three nTiO 2 had pH = 5.8 in DI, which is below their respective IEPs (Table 1, Figure S7 ).
GC-TOF-MS results are presented in section S4.0; relative abundance of the most abundant compounds is presented in SI Figure S8 . Table 2 shows the major properties of the three sEPS used in this study. The three sEPS had net negative charges in DI and buffered solutions ( Table 2 , SI Figure S9 ). However, sEPS from D. tertiolecta was more negatively charged (p < 0.05), and more sensitive to pH than sEPS from C. reinhardtii (see caption of SI Figure S9 ). Increasing negative charge of sEPS with pH is typically due to deprotonation of carboxyl (pH 2.0−6.0), phospholipids (pH 2.4−7.2), phosphodiester (pH 3.2−3.5), amine (pH 9.0−11.0), and hydroxyl (pH ≥ 10) groups 28−30 present in their constituting metabolites. Although polysaccharides are generally considered the major EPS fraction, we observed a carbohydrate:protein mass ratio ranging from 0.8 (in C. reinhardtii) to 6.1 (in D. tertiolecta).
FTIR spectra of the three sEPS (SI Figure S10 ) are quite similar since their composition is qualitatively similar ( Table 2) . Detailed band assignments of the spectra are shown in SI Table S1a-c. FTIR spectrum of SRNOM was presented in a previous study. 15 3.2. Effect of sEPS on Surface Charge of nTiO 2 . The adsorption of various materials (e.g., ions, biomolecules, polymers, colloids) onto the surface of ENMs often influences their surface charge, which influences their stability in different media. The presence of sEPS affected the ζ potential of the three nTiO 2 (Figure 2 ). Adding only carbonate buffer reduced the ζ potential of M262 from 32.4 to 21.6 mV, probably due to the attachment of carbonate ions on the particle surface. ζ potential of M262 was further reduced to −2.99, −10.7, and −11.5 in the presence of 0.125, 0.25, and 0.5 mg-C/L sEPS-Chl, respectively. The ζ potential of M262 at 0.25 and 0.5 mg-C/L suggest that the surface of M262 was coated with algal polymers whose ζ potential was measured at −12.7 mV ( Table  2) . Similar results were observed with sEPS-Dun1 and sEPS- Dun2 when present in the stock of both M262 and M212, with the ζ potential of particles shifted toward that of the respective sEPS at increasing sEPS concentrations. At 0.25 mg-C/L of sEPS-Dun1 and sEPS-Dun2, ζ potential of the three nTiO 2 was essentially that of sEPS.
Since UV100 was already negatively charged (−25 mV) in the presence of buffer, the surface charge information cannot confirm that it is coated by sEPS. The addition of sEPS-Chl (up to 0.5 mg-C/L) only slightly increased ζ potential of UV100 to −23.7 mV. There is low electrostatic attraction between UV100 and sEPS, since both have net negative charges at pH 7. Although sEPS are negatively charged, they do contain some positively charged moieties (e.g., amino groups in proteins) that can interact electrostatically with the negatively charged UV100 surface.
In addition, UV100 has a much greater surface area (320 m 2 / g) than M212 and M262 (∼50 m 2 /g for both) hence, much more sEPS would be needed to cover the surface of the UV100 compared to M212 and M262. At the highest concentration of sEPS used, the ratio of sEPS concentration per unit area of the surface of UV100 (1.56 × 10 −3 mg-C.g/m 2 .L) is about an order of magnitude less than that of a similar mass of M212 (0.89 × 10 −2 mg-C.g/m 2 .L) or M262 (1.05 × 10 −2 mg-C.g/m 2 .L).
Interactions between SRNOM (0.25 mg-C/L) and the three nTiO2 led to more negatively charged particle surfaces (SI Figure S11 ) than with sEPS. Thus, sEPS and other NOM can interact with both positively and negatively charged coated and uncoated nTiO 2 in aqueous media. However, they may coat positively (or neutrally) charged particles more effectively due to stronger electrostatic interactions. sEPS coating may lead to a reversal of surface charge as seen in M212 and M262 at sEPS concentrations that are environmentally relevant (up to 3.7 mg-C/L has been reported in the literature). 31 In addition, the strong influence of sEPS on the surface charge of the positively charged nTiO 2 suggests the formation of anionic negatively charged surface complexes. Like most charged surfaces, ionic strength and pH can affect the surface charge of sEPS, 28 which can affect the strength of their attractive interactions with nTiO 2 .
3.3. Effect of sEPS on Aggregation of nTiO 2 . ENM stability in aquatic systems can be reasonably predicted from their critical coagulation concentration (CCC). The CCC of all three nTiO 2 in the presence of NaCl decreased as pH approached their respective IEPs (Figure 3) . Although M212 and M262 are essentially the same core particle, M262 was much less stable in aqueous media across the range of pH studied. This is probably due to surface hydrophobicity of its coating. Of the three nTiO 2 , M212 was the most stable in acidic conditions while UV100 was the most stable in alkaline conditions. This finding clearly shows that predictions of the environmental fate of ENMs cannot be adequately made just using their chemical composition, size, or even surface charge.
In general, sEPS-Chl influenced the CCC of the three nTiO 2 . The CCC of all nTiO 2 increased with increasing amounts of sEPS (Figure 4a ). For instance, the CCC of M262 at pH 7 increased by an order of magnitude from 5.5 mM NaCl in the absence of sEPS-Chl to 63 mM NaCl in the presence of 0.5 mg-C/L sEPS-Chl. Typical ionic strength of freshwater systems is 5−10 mM, which implies that pristine M262 will be quite unstable in natural waters and exposure to pelagic organisms (e.g., algae) would be low. The adsorption of algal sEPS on M262 however will increase the stability of the nTiO 2 in aqueous media, which may lead to an increase in the exposure of pelagic organisms to an otherwise relatively unstable ENM. Increased stability of the nTiO 2 by sEPS is due to steric hindrance between particle aggregates imparted by the algal macromolecules. Since UV100 is much smaller and more spherical than M212 and M262 (which are mostly cubic and elongated as shown in SI Figure S1 ), UV100 has a much larger radius of curvature than the coated particles. This implies that sEPS macromolecules will experience decreasing steric hindrance among themselves as one moves away from the nTiO 2 surface and much more sEPS can potentially adsorb onto the surface of UV100 than M212 and M262. In addition to steric stabilization, the charged groups on EPS can also impart some electrostatic stabilization on the ENMs they adsorb onto as we reported in the previous section and other studies. 14, 15, 17 The effect on stability of nTiO 2 by sEPS-Dun1, extracted from a marine phytoplankton, compared reasonably well with that of sEPS-Chl, which was extracted from a freshwater phytoplankton (Figure 4b ). However, stronger influence on stability (i.e., increased CCC) of all three ENMs was observed in the presence of sEPS-Dun2, isolated from D. tertiolecta that was cultured in N-spiked media. The mechanism behind the higher stabilizing potential of sEPS-Dun2 is not very clear: Although sEPS-Dun2 had a higher DOC than sEPS-Dun1 and sEPS-Chl (Table 2) this may not account for increased stability since the DOC of all three types of sEPS was normalized for the entire study. Similarly, there is no correlation between the observed effects on CCC and the abundance of any of the sEPS metabolites. Further studies, using a much larger number of different sEPS types, need to be conducted to decipher how the specific composition of sEPS influences their ENM-stabilizing properties. The relationships between sEPS properties such as molecular weight, functional group density, and configuration characteristics, etc. and their interactions with ENMs also need further study.
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At low concentrations of sEPS and SRNOM (0.125 and 0.25 mg-C/L) we found a negative correlation between the ratio of DOC/nanoparticle surface area and CCC (with R 2 value >0.99 for sEPS and >0.97 for SRNOM; SI Figure S12 ). That is, at similar sEPS/SRNOM and nanoparticle concentrations, the CCC determined for UV100 was much higher than the CCC determined for M262 and M212 despite UV100 having as much as 5−6 times less DOC per unit of its surface area. This is quite counterintuitive as one would expect higher nanoparticle stability at higher NOM concentrations due to improved electrosteric stabilization. This finding suggests that the surface properties (area and modified charge) of each nTiO 2 played an important role in their interactions with the sEPS macromolecules (e.g., surface charge can determine the conformation of the macromolecules on the surface of the nanoparticles).
The conformation of sEPS macromolecules attached to all the nTiO 2 particles is expected to differ based on the charge, surface area, and perhaps hydrophobicity of the surfaces of the ENMs. At pH 7 for instance (where M212 and M262 are positively charged, and UV100 is negatively charged; Figure  S7 ), one would expect sEPS to be less tightly bound to UV100 than to M212 and M262 (as explained earlier in section 3.2). Particles with looser EPS binding/conformation may experience fewer successful collisions since a relatively larger fraction of sEPS polymers is free to exert steric effects than in particles where sEPS is tightly bound (SI Scheme S1). However, at higher sEPS concentrations (e.g., 0.5 mg-C/L as in this study or higher) particles with tightly bound sEPS may experience higher stability since more successful collisions may not necessarily result in increased attachment (since their surface will be completely covered). This may explain why sEPS appeared to have more stabilizing effects on UV100 than M262 and M212 (despite both coated nTiO 2 types having a much higher sEPS density on tier surfaces than UV100 with higher surface area), except at the highest concentration of sEPS-Chl (Figure 4a) .
A comparison of the effect of different concentrations (0.125−0.5 mg-C/L) of sEPS-Chl and SRNOM on the CCC of the three nTiO 2 is presented in SI Table S2 . Clearly, the stabilizing effect of sEPS compares well with that of SRNOM, which is commonly used as a stabilizer for ENMs in aqueous media. The data also showed a stronger stabilizing effect of sEPS (than SRNOM) at 0.5 mg-C/L, especially for the coated rutile phase nTiO 2 (M212 and M262). Although the raw materials for making SRNOM and other similar NOM proxies are originally obtained from the natural environment, the NOM proxies are products of several physical and chemical processes conducted by the suppliers to purify and preserve them. Some of these processes may change the physicochemical properties of the NOM molecules such that they no longer reflect the true nature of organic materials in real aquatic systems. 32 As such, sEPS (obtained from natural sources such as bacteria, algae, etc. without further processing), which are also able to provide similar or superior ENM stabilizing effects, may be better surrogates for naturally occurring organic matter in laboratory investigations.
3.4. Mechanism of nTiO 2 -sEPS Interactions. We compared the FTIR spectra of pristine sEPS to those collected after allowing the biopolymers to interact with nTiO 2 in order to identify the functional groups that are responsible for interactions with the ENMs (Figure 5 ). Adsorption of sEPS onto nTiO 2 modified the spectra of the macromolecules. In Figure 5a for instance, the bands around 3270 and 3387 cm −1 , (symmetric and asymmetric stretch of NH 2 in primary amides, respectively) decreased in intensity and shifted to higher wavenumbers after sEPS interacted with nTiO 2 . Similarly, the CO out-of-plane band in amides at around 598 cm −1 disappeared. The bands around 1439 and 1220 cm −1 (OH bending in carboxylic acids and PO stretching of phospholipids or nucleic acids, respectively) shifted to 1450 and 1260 cm −1 , respectively. The band for O−CO bending in carboxylic acid around 667 cm −1 disappeared. Band shifts and disappearance after interactions indicate the functional groups that are involved in adsorption/complexation. 29, 33, 34 A new band emerged around 1376 cm −1 which is consistent with the symmetric stretch of COO − group in carboxylic acid salts, 35 suggesting the formation of a chemical bond between the carboxylic group and the surface of nTiO 2 . 33, 36 The corresponding asymmetric stretch of COO − band was probably masked by the carboxylic acid OH bending band around 1460 cm −1 . Bonds between COO − group and nTiO 2 are typically formed via bridge-coordination, which may involve the binding of one or both oxygens of the deprotonated carboxylic acid to surface titanium ions. 33, 36, 37 Interactions between sEPS and nTiO 2 occurred via amide, hydroxyl, and carboxylic groups of sEPS amino acids, as well as phosphate groups in phospholipids or nucleic acids. Emergence of a new COO − band and the disappearance of an O−CO group are consistent with inner sphere complexation of sEPS on nTiO 2 . 29, 36 Our findings agree to some extent with other studies that have probed the interactions between metallic oxides and microbial macromolecules. For instance, Fang et al. found that bacterial EPS proteins adsorbed onto goethite but phosphate groups were responsible for the formation of chemical bonds. 29 Proteinaceous components of EPS were also involved in the adsorption of the biopolymer to montmorillonite and kaolinite. 38 Although the strength of adsorption of sEPS on nTiO 2 via electrostatic interactions depends on media chemistry such as pH and ionic strength, the existence of chemical bonding between sEPS macromolecules and nTiO 2 will make the association strong and possibly long-lived. As a result, the modification of the surface properties of nTiO 2 brought about by associated sEPS may persist (although sEPS may be liable to biodegradation or catalytic degradation from nTiO 2 ). More so, these surface-modified nTiO 2 (and possibly other metallic ENMs) are probably the form that aquatic organisms will be exposed to in the long term and an understanding of their effectsas different from those of pristine ENMsis imperative for ENM risk assessment.
ENVIRONMENTAL IMPLICATIONS
In natural waters, ENMs will interact with other biogenic and geogenic matter that are present, including sEPS. These interactions may lead to physisorption and/or chemisorption of sEPS on the surface of the ENMs, which may change the physicochemical properties and fate of the particles. sEPS may lead to charge reversal of positively charged nTiO 2 ENMs, which will play an important role in the bioavailability of ENMs to organisms, their interactions with other charged surfaces (e.g., membranes of bacteria), and their overall effect on biota.
Chemisorption of sEPS to nTiO 2 implies that the biomacromolecules may not be easily desorbed from the ENMs. As a result, the effects of sEPS on nTiO 2 properties, fate, and effects in natural waters may not be short-lived. Degradation of sEPS or their utilization as nutrient sources by heterotrophs may however interfere with the sEPS-ENM association. For instance, the catalytic properties of ENMs such as nTiO 2 can degrade biopolymers such as sEPS, similar to their effect on cellular membranes. 39 sEPS are also used by heterotrophs as carbon source, although it is possible that the bioavailability of sEPS associated with nTiO 2 will be somewhat different.
Surface coating of ENMs clearly plays an important role in their stability, fate and exposure. In this study for instance, the poor stability of M262 in aqueous media (compared to M212 which has a similar core) due to its hydrophobic surface coating implies that pelagic organisms will be less exposed to M262 relative to M212 when released into water (e.g., from the matrix of sunscreens). Attachment of sEPS onto the surface of ENMs with low stability (like M262) may however improve their stability in water such that the fate and effects of the ENMs cannot be simply predicted based on the intrinsic physicochemical properties of the particles.
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